The objective of this work was to study drug-excipient interactions in solid dosage forms when coated with dry powder film-coat compared with conventional aqueous film. Free films of Eudragit RL, (ERL) with or without drugs (Metoprolol Succinate or Diclofenac sodium) were prepared by casting method and characterized by FTIR, NMR, or DSC. Tablets of either drugs were prepared by wet granulation and coated in a fluidized-bed by ERL aqueous dispersion or micronized powder. Dissolution behavior and color change study were carried out for tablet batches on zero time and after 3 months of storage in stability chambers. The results of free films showed a greater possibility of drug polymer interaction in the aqueous dispersion than dry powder films. The results of dissolution rate revealed a greater rate change in aqueous-than in dry-coated tablets. This was confirmed by the Color change study which showed more intense yellowing in aqueous-coated tablets.
INTRODUCTION
Solid pharmaceutical dosage forms like tablets, capsules, granules, pellets etc. are coated for many purposes such as protection from moisture, light or oxygen; masking of odor or taste; acid resistance in gastric fluids; and to modify drug release from these dosage forms as controlled or delayed action. Traditionally, coating is carried out using either organic solution or aqueous solution or dispersion of certain polymers sprayed, after mixing with other substances such as plasticizers, onto dosage forms [1] [2] [3] [4] . However, solvent-based coatings suffer from many potential disadvantages such as toxicity, air pollution or residual remnants of organic solvents. Also, the removal of solvents is highly energy consuming and takes longer processing time [5] [6] . These all reflected as an increase in the cost of the process as well as the drug product per se.
Among serious efforts to overcome the above-mentioned problems of solventbased coating, many recent works have been published regarding new coating technologies which are independent of solvent referred to as "solventless" coating. These may include, but not limited to, compression coating, hot melt coating, supercritical fluid spray coating, photocurable coating and dry powder coating 7 . However, the later, dry powder coating, was the most widely investigated. In this process, powdered (micronized) coating materials are directly applied, with or without wetting, onto solid dosage forms, and then heat-cured to form a coat 8 . Several dry coating technologies, including plasticizer-drycoating, electrostatic-dry-coating, heat-dry-coating and plasticizer-electrostatic-heat-dry-coating have been developed and extensively reported [8] [9] [10] .
Drug-excipient interaction, among other factors, may affect drug product quality and performance [11] [12] [13] . One example of such interactions is the action of the drug as a plasticizer for the polymeric film [14] [15] . Plasticizers are generally added to polymers to increase their flexibility and hence durability, increase the permeability for the drug and promote film formation 3, 11 . Therefore, the action of drug as a plasticizer is an extra-or over-plasticization and should be seriously taken in consideration and extensively investigated 11, 15 . Sieppmann et al (2006) studied the plasticization effect of 3 different drugs, namely, chlorpheniramine, metoprolol tartrate and ibuprofen and found that they acted as good plasticizers for Eudragit RS polymers, and this effect was directly proportional to drug load 16 . The presence of solvent (ex. water) may complicate physical interaction between drug and polymer 17 . This type of interaction may simply occur during coating process due to the presence of solvent or even after coating (i.e. within the final dosage form) by solvent migration from core to coat 11 . In critical cases such as enteric coating of gastric antiulcer drugs, ex. proton pump inhibitors (PPIs), which are sensitive to acidic materials (ex. Eudragit L-100-55), a subcoat of different polymer have been applied [18] [19] [20] .
Eudragit RL (ERL), generically referred to as Polymethacrylate, is widely used as film former for controlled release dosage forms [21] [22] . Polymethacrylate polymers include ERL and Eudragit RS (ERS). However, ERL possesses higher permeability and hydrophilicity than ERS, since the content of quaternary ammonium moieties is greater in ERL 23 . These polymers are weekly cationic in nature and therefore are prone to interaction with anionic drug moieties 2, 16, 24, 25 .
It has recently been shown that metoprolol free base and metoprolol tartrate act as plasticizers for Eudragit RL based networks in the dry state 17, 18, 26 . Omari (1995) , studied the interaction of diclofenac sodium (DS) with Eudragit RL and RS films prepared either from organic solutions or aqueous dispersions of these polymers 24 . Except for the study by Adeyeye et al (2004) , who reported that solid state mixtures of DS and Eudragit polymers (RS or L100-55) showed lower extent of interaction than in liquid state 27 , drug excipient interaction was not investigated particularly during powder dry coating.
In this work, both metoprolol succinate (MS) and diclofenac sodium (DS) were selected as model drugs. The objective was to study drug-excipient interaction as well as the effect of certain processing parameters on the performance and stability of dosage forms when coated by dry ERL powder in comparison with conventional aqueous coating technique. In first part, free films of ERL alone or with drugs were prepared by casting method using aqueous dispersion or dry powder of the polymer. Free films were characterized using Fourier-transform infrared spectroscopy (FTIR), Nuclear magnetic resonance (NMR) and Differential scanning calorimetry (DSC). In the second part, tablets of either MS or DS, were prepared by wet granulation method and coated with ERL polymers using dry powder coating or conventional aqueous coating techniques. The tablets were tested for physical properties and drug release behavior. A stability (aging) study also was conducted for up to 3 months under different storage conditions during which tablets were retested for their dissolution behavior at predetermined periods. A color change study was also performed using adobe photoshop. 
METHODOLOGY

Free films preparation
Free films of ERL aqueous dispersion, were prepared by casting technique reported by Lehman (1997) 28 . A 5g ERL plus 1g (20% of dry polymer) triethyl citrate (TC) as a plasticizer were added to 20g of distilled water (DW) (termed later as Aqueous Dispersion Film, ADF) and stirred, using high sheer propeller (IKA, Germany) for at least 3hr in a hot water bath (>80ºC). The weight then was corrected by DW under stirring until cooling to room temperature (RT). The mixture was dried on a Teflon tape (Taixing Chuanda Plastic Co., Ltd., China) at RT for 24 hr. The casting area was 15cm x 15cm and the casting volume was 25-30ml. ADF was then cured in an oven at 60ºC for 2 hr which then peeled off, labeled and stored in double plastic cases at RT until further use. Free films containing drugs were prepared in the same way except that a 0.5g of either MS or DS was added to ADF and equilibrated using magnetic stirrer for 2 hr prior to casting.
Free films of polymer powder (termed later as dry powder film, DPF) was prepared by micronization of ERL100 pellets using an electric chopper (Moulinex Co. France). The particle size under 60μ-sieve (5g) was taken, mixed well with TC (1g=20% of polymer), using mortar and pestle, distributed evenly by a ruler on Teflon tape and cured in an oven at 75-80ºC for 6 hr. The film was then peeled off and stored in double plastic cases until further use. For DPF with drugs, 0.5 g of either MS or DS was added to the polymer-plasticized mixture and further mixed homogeneously and continue with the same procedure.
Free Film Characterization
NMR
Proton Nuclear magnetic resonance (H 1 -NMR) spectra for the free films prepared were determined using NMR spectrometer (Bruker 400MHz Avance III, USA). Samples were dissolved in DMSO or CDCl 3 as a solvent and tetramethylsilane (TMS) as an internal standard.
DSC
The glass transition temperature (Tg) of the polymeric systems was determined by differential scanning calorimetry (DSC 821; Mettler Toledo AG, Giessen, Germany). Film samples of approximately 6 mg were accurately weighed into aluminum pans, which were sealed and perforated. The samples were heated (at 5 °C/min) under a nitrogen atmosphere from 0 to 100 °C. The Tg and heat flow energy (mJ) were determined.
FTIR
FTIR spectra were determined Using FTIR spectrometer (Bruker, Billerica, MA, USA) and KBr pellets. The scanning range was 4000-400 cm -1 . Spectra for drugs, ERL polymer, free films of polymer with or without drugs were obtained.
Tablets Preparation
Tablets of either MS or DS were prepared by wet granulation method using PVP solution (10%) as a binder. Formulae are shown in Table 1 . Granules were mixed with appropriate amount of magnesium stearate and compressed into tablets using single punch tableting machine (Korsch, GMPH, Germany) tooled with 12mm shallow concave punch. Tablets were characterized for their content and weight uniformity, hardness, friability and disintegration time. Table 2 shows tablet properties. 
Tablets Coating
Tablets prepared in the previous section were coated with ERL aqueous dispersion using fluid bed (Wurster) system (Aeromatic STREA1, AG, Switzerland).
Coating formulation and conditions were as reported in a previous work 29 . In brief, a certain weight of tablets was loaded in the coating chamber and after preheating the weight was taken again as initial weight (Wi). The process then started at a low spray rate which increased gradually under a suitable atomizing and fluidizing air rates. The coated tablets were then cured in a static tray-oven at 60°C for 24 hours. Th final weight (Wf) was taken and the amount of coat was calculated as percentage coat to core ratio (%CCR=[Wf-Wi/Wi]x100).
Dry powder coating was conducted in the same coating apparatus, with a simple modification. A side hole (6mm in diameter) was drilled in the lower side of the Wurster chamber to facilitate powder delivery (see fig1). ERL micronized powder (<60 micron) was fed using powder feeder (AccuRate® Tuf-Flex™ feeders, Schenck Co. USA) connected via silicon tubing, 15mm in diameter from feeder side and 5mm from the other side to fit the drilled hole. Powder delivery was performed with the aid of compressed air via a separate airway hose (2mm in diameter) inserted directly in the silicon tubing. The process was carried out by spraying TEC -as a plasticizer-by the Wurester's bottom spray nozzle, using a peristaltic pump (VELP Scientifica, SRL, Italy), onto tablets to wet their surfaces, followed immediately by direct powder application. These 2 steps were repeated in a reciprocal intermittent way till the end of predetermined quantity of coat. Feeding rate and other coating conditions are shown in Table 3 . At the end of the process, the tablets were cured in a static oven on Teflon-lined trays at 60ºC for 24 hours. To prevent sticking during the curing step (and later in stability test), the cured tablets were dusted with 1-2% talc based on the weight of the coated tablets. Percentage CCR was calculated as in aqueous process. Atomizing air pressure (bar) 1.5
Fluidizing air rate (m 3 /hr) 50
Inlet air temperature (ºC) 55
Outlet air temperature (ºC) 45
Powder feeding rate (g/min) 2-5
A total of eight tablet batches were prepared of both DS (4 batches) and MS (4 batches) coated with ERL-ADF or ERL-DPF. Table 4 shows these batches and their CCR percentages. It is noteworthy that the objective of this work is to study interaction of drugs with excipient (coating polymer or other additives) using either solvent-dependent (aqueous dispersion) or solventless (dry powder) techniques irrespective of coat ratio. Therefore, the CCR value will not be considered as an investigating parameter in this research. 
Dissolution of coated tablets
Dissolution of coted tablets was conducted in 1000ml of gradient pH profile dissolution media corresponding to pH 1.2 (0.1N HCl) (for 2 hr) and 6.8 (phosphate buffer) using USP II (paddle) method apparatus (Esico International, India) operated at 75 rpm (±3rpm) and 37ºC (±1 ºC). The change in pH was done in situ by addition a precalculated amount of concentrated solution of tribasic sodium phosphate directly to the medium 30 . Five milliliter samples were withdrawn at predetermined intervals up to 20-24hr, replaced immediately with fresh medium, filtered through Millipore filter (Merck, Germany) and analyzed spectrophotometrically (SCO-TECH, GmbH, Germany) at λ max 276 nm and 222 nm for DS and MS, respectively. Average of at least 3 replicates was calculated.
Dissolution Kinetics
The percentage of drug released was first calculated, then the average of three independent replicates along with standard deviation were measured. Data was then fitted to 2 kinetic models: zero order and first order equations. For zero order, the linear regression and linear equation was calculated for the first 6 time points. In case of first order, the percentage of drug released transformed to natural Logarithm then the linear regression was conducted. linear equation was used is , where a is the slope and b is the intercept with the y axis. Both a and b were calculated for all data points using Microsoft Excel.
Stability study of coated tablets
All tablet batches prepared in this work (see Table 4 ) were included in stability study. Adequate quantities of tablets from each batch were filled in plastic (HDPE) bottles, closed and stored in a closed cabinet at room temperature (RT, 20±3°C), or in stability chambers (Binder GmbH, Germany) at 40°C (±3°C) and 50ºC (±3°C) for 3 months. After 1, 2 and 3 months, samples of tablets were withdrawn and inspected visually for any change in surface appearance, analyzed for color changes (see next section) and retested for their dissolution behavior and compared with the initial data (at zero time).
Color change study
Two batches of each of MS or DS tablets coated with either ADF or DPF were selected; namely: MS tablets of CCR 1% and 4.0% ADF and 1.6% and 4.4% DPF and DS tablets of CCR 2.7% and 4% ADF and 2.4% and 3% DPF. As a row of three tablets, a photo using camera was taken ( Fig 2) . Two different types of analysis were then conducted: qualitative and quantitative. Qualitative analysis: an image processing was conducted using Adobe Photoshop to show the density of yellow color in black and white images. The images were split into the original channels (red, blue and green).
Quantitative analysis:
To endorse the variation of yellow color between the tablets, the intensity of yellow color was measured. The procedure is summarized in Fig 3. Using unprocessed colored images, the hexadecimal code of the tablet color was identified using color picker tool from Adobe photoshop. The regions with extreme shadow and light have been excluded. The hexadecimal code was then applied on ColorHexa website (www.colorhexa.com) to get the intensity of red, blue, green, yellow and black color. The average yellow color was then calculated for multiple images of the same formulation. Later, the averages of three independent images were graphed using Microsoft excel. 
RESULTS AND DISCUSSION
Free films characterization
The functional groups of Eudragit polymers (and in some cases, the charges associated) make them readily reactive with drug substances 31 . Interaction of the Ammoniomathacrylate copolymers (ex. ERL) (Fig 4) with other molecules is, most probably, attributed to their quaternary ammonium groups (QAGs) content 22, 24, 31 . In coating technology, studying the effect of such interactions on different properties of the final polymer films and later on the drug dosage form, free film (vs applied film) technique is usually adopted. Such technique has been established as a successful tool in the development of a film coating systems [32] [33] . In this work, free films of ERL either from aqueous dispersion or dry powder with or without drugs were prepared using casting method and characterized for drug-polymer interactions using methods such as FTIR, NMR and DSC.
In a previous work 24 , a stoichiometric ionic interaction was detected between DS solution and ERL powder and ERL aqueous dispersion and was supported by evidences from FTIR spectroscopy and X-Ray diffraction. However, the interaction was slower in case of powder than aqueous dispersion due to particle surface area difference 24 .
In this work, ADF and DPF of DS were prepared in 1:10 ratio and characterized using FTIR, NMR and DSC. Fig 5 shows the FTIR spectrum of ERL-DS ADF and ERL-DS DPF (the complete spectra of the 2 drugs as well as pure polymer were shown in the associated supplement file). In aqueous films two peaks were appeared at 1557 and 1574 cm -1 which, most probably, correspond to secondary amine in DS molecule (see structure in Fig 4) . In dry films these peaks were not shown or insignificant. This could be explained as follows: the ionic interaction between carboxylate anions of DS and quaternary ammonium cations of ERL in case of ADF, introduce some modification (such as deshielding) to the secondary amine of DS made it detectable by the FTIR spectrometer. This did not happen in DPF. In FTIR of ERL with MS (see supplement file), some small peaks appeared, however, not significant. [16] [17] 26 . They found that metoprolol tartrate (and chlorpheniramine maleate and ibuprofen) act as efficient plasticizers for Eudragit RS as indicated by the significantly decreased Tg with increasing drug loading, irrespective of the type of drug 26 .
In this work, MS were added in 1:5 ratio to ERL aqueous dispersion (without TEC) and cast on Teflon tape for 24hr. A clear transparent film was obtained (see Fig 1 A in supplement file) which is in agreement with the results reported in literature [16] [17] . DS in a similar experiment, failed to form a film (see Fig 1 B in supplement file). Attempts to prepare a dry powder film containing drug and polymer only were unsuccessful even at higher temperatures (up to 80ºC).
A strong evidence on MS interaction with the polymer was obtained using proton NMR spectroscopy of the free films ( Fig 6) . In spectrum of ERL-MS ADF ( Fig 6B) in the region around 3.5 ppm where the protons of QAGs are expected to resonate, 2 peaks were depicted at 3.55 and 3.59 ppm. In the spectrum of the DPF (Fig 6A) only one peak is obtained at 3.59 ppm. In aqueous films, MS as a water-soluble drug, will dissolve and an electrostatic or hydrophilic interaction with the polymer is expected. This interaction led up to formation of a new peak in that region. In the DPF no new peak observed. The same can be said for interaction of DS with ERL NMR spectrum, however not in the same degree of clarity (Fig 6 C and D) . Thermal study using DSC for free films of ERL alone or containing drugs showed that the transition behavior of these films was different in aqueous from that in dry films (Fig 7 and table 5 ). The glass transition temperature (Tg) of ERL100 was reported to be 58-68°C [34] [35] . In this work, DSC thermograms showed that in aqueous films Tg was reduced by TEC to 54°C and further reduced to 48 and 53 after interaction with DS and MS, respectively ( Table 5 ). In dry films TEC reduced Tg to below 50°C, however addition of either drugs (with TEC) increased it to 53°C and 54°C for DS and MS, respectively. The explanation to this behavior is that, in the aqueous systems, drugs may synergize plasticization effect of the TEC while in dry films antiplasticization effect occurs 36 . This may also explain the difference in heat flow magnitudes during transition which was significantly higher in aqueous in comparison to dry films as shown in Table 5 . 
Coating Process of Tablets with ERL ADF or DPF
The coating process was performed using fluid bed (Wurster) system for both aqueous conventional coating and powder dry coating. However, to suit the technique for dry coating, a modification in the apparatus (see experimental section) was done in order to facilitate dry powder feeding to coating chamber. In literature, several trial investigations have been published. Some of these include fluid bed system and centrifugal granulator 9 , modified Wurester apparatus 37 , rotary fluid bed 38 and modified lab scale spheronizer [39] [40] [41] . In most of these studies, modifications were made to the original apparatus without technique standardizations. In our work, since (up to the authors' knowledge) no standard apparatus can be obtained, the introduced modifications to fluid bed system helped to reach good success. However, standardization and validation of such technique still required.
All tablet batches prepared in this work (see Table 4 in experimental section) were investigated for coat uniformity, color changes and stickiness during coating. In general, all batches were of good coat and color uniformity, however, dry coated tablets showed somewhat more stickiness than those coated with aqueous dispersion. This might be attributed to high percentage (40%) of the highly hydrophilic plasticizer (TEC) used in case of dry process. Therefore, use of dusting talc has become an essential requirement in order to minimize this phenomenon. All batches also were tested for their dissolution behavior (i.e. at zero time) for the purpose of initial drug release performance and as a reference for comparison in later studies (see results in the next section).
Stability Study
Stability is the extent to which a product retains, within the specified limits, throughout its period of storage and use, the same properties and characteristics possessed at the time of its manufacturing. Stability testing thus evaluates the effect of environmental factors on the quality of the drug substance or a formulated product [42] [43] . In this study, different tablet batches prepared (Table  4) were stored at different conditions as explained in experimental section. Tablets were tested for color changes and dissolution behavior.
Color Change Study
Many recent articles were published using color change as stability indicator [44] [45] [46] . In this study the discoloration of tablets via the formation of yellow color was studied qualitatively and quantitively.
In the qualitative color analysis, as shown in Fig 2, black and white picture doesn't represent the real case, as the change in tablets color is undistinguished specially between 40°C and room temperature (RT), as well as between aqueous and dry (see Fig 2) . Therefore, image processing was conducted by splitting images into the original channels. As seen in Fig 8 there is a distinct change in color using blue filter between the stored tablets at different temperatures, while no differences were observed using red and green filter. Yellow color appears as black color under blue filter. Therefore, it's clear that the intensity of yellow color is proportional to the heat; as the storage temperature increases, the yellow color intensity increases (Fig 8 blue filter) . The quantitative analysis of yellow color is needed to differentiate the effect of coating method on the discoloration of tablets. As has been illustrated in Fig 9  (A and B) , in case of MS, the yellow color was more intense in aqueous coating than in dry coating across the range of temperatures. The analysis suggests potential benefits of using dry over aqueous coating. Meanwhile, it was not the case with DS (Fig 9 C and D) , the intensity of yellow color was somewhat similar between aqueous and dry coating.
The source of yellow-brown color is highly suggested due to a Maillard reaction (browning reaction), which has been observed in several drug formulations 18, [47] [48] [49] including metoprolol 47 . Browning reaction is initiated by the heat, and that explains the increasing in the intensity of yellow color was associated with the elevating of the storage temperature. All formulations in this study contained lactose and polyvinylpyrrolidone which play parts of Maillard reaction under the stress of temperatures 50 . Also, this reaction peaks in the presence of water and occurs better in alkaline than in acid conditions. This explains the higher color intensity in aqueous coating systems than dry powder coating systems. Meanwhile explains why the MS tablets with aqueous coat (Metoprolol pKa=9.5), has more intense yellow color than DS tablets (Diclofenac pKa=4.5) 50 . Dissolution: Dissolution of different tablet batches stored at various storage conditions were conducted in pH profile media (acidic pH 1-2 for 2 hrs then basic pH 6.8 up to 22 hrs) and compared with the results at zero time. A total of 88 graphs were plotted. A representative example are shown in Fig 10. The drug release kinetics was studied by fitting the data of cumulative amount drug dissolved vs time to two kinetic equations: zero order and first order models 51 . Due to the fact that a large quantity of data were obtained, a representative results of 1 batch were shown in Table 6 (other data are shown in Table 2 in supplement file). From these data it is clear that zero order model is the one of best fit. Figure 10 . A model for the kinetics of drug release, the example is MS tablets coated with ERL-DPF 1.6 % CCR after 3 months of storage at different temperature. A) cumulative drug release data. B) the data fitted into zero order kinetics. C) the data transformed into natural logarithm and then fitted in to first order kinetics. Each experiment was conducted in triplicate, the error bar in graph (A) represents ±SD. The linear regression (R 2 ) is shown on the graph for each storage temperature. To compare the effect of two coating processes (aqueous vs dry powder), data of zero order kinetic model of 2 batches of each drug (see Table 1 in supplement file) were considered. Dissolution rate constants (a) from this table ( Table 1 in supplement file) were taken as a comparison parameter and included in Table 7 .
As the kinetics are more fitted into zero order, the drug release is independent on the initial concentration, and totally depends on the rate constant (a), which can mathematically be driven from the slope of linear equation. According to Table 7 , the rate of release is smaller in aqueous coating than in dry coating. However, (a) values in aqueous coating were doubled with storage time while no significant changes in (a) were observed in dry coating method. One-way ANOVA were conducted to test if the change in slope (a) is statistically different between the two methods. The percentage ratios of (a) values at storage temperatures to its value at zero time were used. According to the results in Table 8 , the F-value is greater than the F-critical value for the alpha level (p<0.001). Therefore, the change in dissolution rates are significantly different between dry and aqueous coating and, hence, dry powder coating can improve stability of drug product with respect to dissolution rate in comparison with aqueous coating. Drug interaction with coating materials was studied under solvent-dependent (aqueous) coating process in comparison with solventless (dry powder) coating technique. Studies on free films of ERL alone or containing drugs (MS or DS) showed a significant decrease in interaction extent in dry powder coating relative to aqueous coating. These results were confirmed using FTIR, NMR and DSC characterization methods. Tablets of either MS or DS were prepared and coated successfully in a modified Wurester fluid bed using ERL micronized powder (solventless) as a film former and TEC as wetting agent and plasticizer. These tablets in different %CCR were tested initially for physical properties and dissolution behavior and compared to those coated with ERL aqueous dispersion. A stability study was conducted for dry coated as well as aqueous coated tablets at different storage conditions (RT, 40°C and 50°C) for up to 3 months. Dissolution testing for the stability batches showed that release rate constant calculated from zero order kinetics possessed greater change extent in aqueous than dry powder coating as indicated by ANOVA test. The results of color change study supported the above results of free films and stability batches and showed that yellowing (due to Millard reaction) in aqueous coated tablets was significantly higher than in dry coated ones. However, the need for validation process of dry powder coating method is considered a major limitation of this study, which is hopefully, a future work. 
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